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Advanced  Retroreflective 
Telescope  Baffle 


1.  INTRODUCTION 

For  a  number  of  years,  the  Geophysics  Directorate  of  Phillips  Laboratory  has 
been  involved  in  an  on-going  program  to  measure  high  altitude  atmospheric 
infrared  backgrounds.  The  measurements  are  being  made  with  rocket  and 
satellite  borne  infrared  optical  sensors  cooled  Avith  liquid  helium.  The  purpose  of 
these  measurements  is  to  determine  the  spatial  and  spectral  characteristics  of 
infrared  backgrounds  that  will  be  viewed  by  future  space  based  above  the 
horizon  infrared  surveillance  systems  designed  to  detect  and  track  ICBM  targets 
during  midcourse  flight.  The  infrared  radiation  from  the  upper  atmosphere  is 
orders  of  magnitude  lower  than  the  radiation  from  the  earth  and  lower 
atmosphere,  and  therefore,  the  sensors  must  be  cooled  to  low  temperature  to 
eliminate  self  emission  and  must  have  a  baffle  and  telescope  that  has  very  high 
off-axis  rejection.  The  standard  approach  is  to  use  an  all  reflective  telescope  with 
super  polished  low  scatter  mirrors  behind  a  baffle  painted  with  absorbing  diffuse 
black  paint.  The  purpose  of  the  baffle  is  to  absorb  off-axis  radiation  and  thus 
prevent  it  from  hitting  and  scattering  from  the  telescope  mirrors.  This  approach 


Received  for  publication  14  May  1993 


1 


has  worked  well,  but  there  has  always  been  off-axis  leakage  of  earth  and  lower 
atmospheric  radiation  that  is  detected  above  the  noise  level  of  the  sensor.  The 
off-axis  leakage  makes  it  difficult  to  measure  the  true  emission  spectrum  of  the 
upper  atmosphere  since  spectral  emission  and  absorption  features  of  the  lower 
atmosphere  contaminate  the  true  spectrum.  This  is  especially  true  at  very  high 
altitudes  where  the  emission  from  the  atmosphere  is  very  weak.  In  addition,  the 
black  paint  used  for  the  baffle  coating  is  not  always  equally  absorbing  at  all 
wavelengths,  which  can  result  in  spectral  features  of  the  baffle  paint  in  the 
off-axis  leakage  spectrum. 

The  telescope  diameter  must  be  relatively  large  (10  to  20  inches)  to  obtain  good 
spatial  resolution  and  the  high  sensitivity  required  to  measure  emissions  from 
the  rarefied  upper  atmosphere.  The  large  diameter  requires  the  baffle  to  absorb 
a  significant  amount  of  thermal  radiation  coming  from  the  earth  and  lower 
atmosphere  as  well  as  from  direct  and  scattered  solar  illumination.  This  heat 
load  is  not  a  significant  problem  for  a  sounding  rocket  sensor  since  the 
measurement  time  is  short,  but  it  has  significant  impact  on  the  ciyogen 
consumption  or  the  power  required  for  sensor  refrigeration  for  a  satellite  borne 
sensor  required  to  operate  in  space  for  an  extended  time  period. 

The  purpose  of  this  Laboratory  Directors  Fund  sponsored  effort  was  to  address 
both  the  baffle  off-axis  leakage  and  the  baffle  heat  load  problems,  and  specifically 
to  investigate  the  use  of  small  cell,  cube  comer  retroreflector  arrays  as  a  coating 
for  forward  facing  baffle  surfaces  instead  of  the  standard  diffuse  black  paint.  A 
good  black  paint  will  typically  absorb  about  95  percent  of  the  incident  energy 
and  diffusely  reflect  5  percent.  A  cube  comer  retroreflector  array  can  reflect  a 
significant  fraction  of  incident  radiation  directly  back  to  the  source,  thus 
reducing  the  energy  absorbed  by  the  baffle.  If  a  significant  portion  of  the 
radiation  that  enters  the  baffle  is  reflected  back  out  the  entrance  aperture,  then 
there  is  also  the  potential  for  reducing  the  amount  of  off-axis  radiation 
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transmitted  through  the  baffle.  This  could  result  in  a  reduction  of  off  axis 
leakage  since  there  would  be  less  radiation  available  to  scatter  from  the  telescope 
optical  elements. 


2.  APPROACH 

Our  investigation  Involved  three  steps.  First,  a  literature  search  was  conducted 
to  find  out  what  was  known  about  the  properties  of  cube  corner  reflectors  and 
cube  corner  arrays.  Second,  samples  of  cube  corner  arrays  were  obtained  from 
several  sources,  and  laboratory  optical  measurements  were  made  on  the  array 
samples.  Third,  the  array  type  that  showed  the  most  promise  was  selected  for 
more  extensive  testing  and  a  computer  model  of  the  cube  comer  array  was 
developed  and  incorporated  into  a  commercially  available  stray  light  ray  trace 
program  (PC  GUERAP).  The  performance  of  a  baffle  utilizing  baffle  rings  covered 
with  cube  comer  arrays  was  then  calculated  using  the  ray  trace  program.  The 
absorption,  transmission  and  retroreflection  of  the  baffle  were  calculated  as  a 
function  of  off-axis  angle.  The  baffle  design  was  then  modified  in  an  attempt  to 
minimize  both  the  off-axis  transmission  and  absorption.  The  calculated  results 
for  the  cube  comer  baffle  were  compared  to  calculations  of  a  similar  baffle 
painted  with  diffuse  black  paint. 


3.  DISCUSSION 

A  cube  comer  reflector  consists  of  three  reflecting  surfaces  at  right  angles  to 
each  other  forming  a  comer.  This  arrangement  of  three  mirrors  has  the  property 
that  any  ray  reflected  from  all  three  surfaces  is  exactly  reversed  in  direction 
(Sears,  1949).  Other  names  for  the  cube  comer  are  retrodirective  reflector. 
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retroreflector  and  comer  reflector.  The  cube  comer  or  arrays  of  cube  comers  are 
often  used  for  roadside  reflectors  since  they  efficiently  reflect  automobile 
headlamp  light  back  to  the  automobile.  They  are  also  used  as  retrodirective 
targets  in  optical  ranging  systems.  The  cube  comer  can  either  be  hollow,  being 
formed  by  three  front  surface  mirrors,  or  it  can  be  made  of  solid  optical  material 
where  the  light  enters  the  front  face,  makes  three  internal  reflections,  and  exits 
the  front  face.  In  either  case  the  light  ray  must  reflect  from  all  three  surfaces  to 
be  retroreflected.  The  solid  type  is  often  used  in  the  visible  since  there  are 
suitable  inexpensive  optical  materials  that  have  high  transmission  in  the  visible. 
Cube  comers  for  the  infrared  are  most  often  of  the  hollow  type  made  of  three 
front  surface  mirrors. 

The  individual  mirrors  that  form  the  comer  can  either  be  Isosceles  right  triangles 
or  squares.  Arrays  of  cube  comers  can  be  made  from  either  type  as  shown  in 
Figure  1.  Chipman,  et.  al.  (1988)  have  pointed  out  that  when  the  cube  comer 
cell  is  made  from  three  triangular  mirrors,  a  maximum  of  two  thirds  of  the 
incident  rays  will  be  retroreflected.  Rays  that  enter  near  the  three  points  of  the 
cube  comer  cell  only  reflect  from  two  surfaces  before  leaving  the  cell,  and  are 
not  reflected  back  along  the  incident  ray.  A  cube  comer  array  made  from  three 
square  mirrors  can  theoretically  retroreflect  100  percent  of  incident  rays  for  rays 
that  are  normal  to  the  array.  If  incident  rays  are  not  normal  to  the  array,  then 
some  rays  exit  the  array  with  less  than  three  reflections,  and  these  rays  are  not 
retroreflected.  As  the  angle  of  incidence  is  increased,  the  fraction  of  rays 
retroreflected  decreases  (Wolf  and  Zissis,  1985).  A  ray  that  is  retroreflected  is 
reflected  back  parallel  to  the  incident  ray  but  with  some  lateral  displacement,  the 
maximum  displacement  being  the  dimension  of  the  cube  comer  cell.  If  an  array 
of  very  small  cube  comer  cells  is  used  then  the  displacement  is  very  small  and 
the  reflected  ray  is  almost  coincident  with  the  incident  ray.  An  array  of  small  cell 
cube  comers  approximates  a  phase-conjugate  mirror  (Barrett  and  Jacobs,  1979, 
Jacobs,  1982). 
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CUBE  CORNER  RETRO-REFLECTION  ARRAYS 
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Figure  1.  Two  different  types  of  cube  comer  arrays.  Type  A  made  from  square 
mirrors  is  more  efficient  than  type  B  made  from  triangular  mirrors. 


The  first  retroreflector  sample  evaluated  was  a  hollow  cell  array  obtained  from 
Reflexite  Corporation.  The  array  was  originally  used  as  a  mold  to  produce 
flexible  plastic  retroreflecting  material  by  hot  pressing  the  mold  into  one  surface 
of  a  thin  sheet  of  plastic  material.  The  plastic  array  that  results  is  a  solid  cell 
array  that  is  normally  illuminated  from  the  flat  front  surface  and  is  not  suitable 
for  the  infrared,  but  the  mold  is  hollow  cell  and  can  be  coated  with  an  infrared 
reflecting  coating  such  as  aluminum  or  gold.  Each  cell  is  150  micrometers 
across  and  consists  of  three  triangular  mirrors.  The  small  cell  size  is  ideal  for 
visible  light  but  in  the  infreired,  diffraction  would  broaden  the  reflected  beam. 
Also,  since  the  cells  are  made  from  triangular  mirrors  the  maximum 
retroreflection  efficiency  is  67  percent. 

A  number  of  hollow  cell  arrays  with  each  cell  made  from  square  surfaces  were 
obtained  from  The  Reflectory  Corp.  and  from  3M  Corporation.  The  arrays  were 
examined  under  the  microscope  for  surface  quality  and  uniformity  and  one  array 
was  selected  for  more  extensive  testing.  The  selected  array  was  2  inches  in 
diameter  with  a  0.1  inch  cell  spacing.  The  array  was  obtained  from  3M 
Corporation  and  was  originally  designed  for  use  as  a  roadside  reflector.  The 
array  normally  would  be  used  as  a  solid  cell  array  illuminated  from  the  flat  front 
side.  For  use  in  the  infrared,  the  protective  back  cover  of  the  array  was  removed 
to  expose  the  hollow  cell  back  side  of  the  array.  The  hollow  cell  array  was  then 
coated  with  an  evaporated  aluminum  reflective  film  so  that  each  surface  of  each 
cell  became  a  front  surface  mirror. 

The  retroreflecting  and  "stray"  two-reflection  and  single-reflection  properties  of 
the  array  were  evaluated  by  illuminating  the  array  with  a  collimated  beam  of 
light  over  a  range  of  incidence  angles.  The  cmgle  of  incidence  was  varied  by 
tilting  the  array.  TTie  power  in  the  retroreflected  beams  and  the  stray  beams  was 
measured  as  a  function  of  incidence  angle.  The  sample  holder  could  be  tilted  in 
either  direction  as  well  as  rotated.  It  was  determined  that  the  direction  and 
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power  of  the  stray  two-reflection  and  single-reflection  beams  depended  on  the 
orientation  of  the  cube  comer  cell  mirrors  relative  to  the  incident  beam.  A 
coordinate  system  was  defined  to  better  understand  and  interpret  the  measured 
results.  Each  cube  comer  cell  contains  three  lines  of  intersection  formed  where 
any  two  surfaces  intersect.  Figure  2  shows  one  cell  of  a  cube  comer  array,  the 
cell  being  formed  from  three  square  mirrors.  The  three  lines  of  intersection  meet 
at  point  O  and  are  shown  in  the  figure  as  OA,  OB,  and  OC.  Each  line  of 
intersection  is  perpendiculair  to  one  of  the  three  mirror  surfaces.  The  normal  to 
the  array  is  defined  as  all  lines  that  are  parallel  to  a  line  passing  through  O  and 
having  equal  angular  distance  from  the  three  lines  of  intersection.  A  positive 
incidence  angle  is  defined  as  the  angle  between  the  incident  ray  and  the  normal 
to  the  array  when  the  incident  ray  is  tilted  toward  the  line  of  intersection  OA.  At 
a  positive  angle  of  54.74  degrees  the  incident  ray  is  parallel  to  the  line  OA  and  is 
therefore  parallel  to  the  two  mirrors  that  form  the  intersection  (surfaces  1  and  2) 
and  normal  to  the  other  mirror  (surface  3).  For  incident  rays  with  a  positive 
angle  of  54.74  degrees  or  larger  all  rays  only  reflect  from  surface  3.  A  negative 
incidence  angle  is  defined  as  an  angle  away  from  the  line  of  intersection  OA.  At  a 
negative  angle  of  35.26  degrees  cJl  incident  rays  are  parallel  to  mirror  surface  3, 
and  all  rays  are  reflected  two  times,  once  from  surface  1  and  once  from  surface 
2.  At  negative  angles  with  magnitude  greater  than  35.26  degrees  three-surface 
reflection  is  no  longer  possible. 

The  laboratory  measurement  of  normalized  retroreflection  efficiency  as  a  function 
of  incidence  angle  is  shown  in  Figure  3.  The  sample  tested  had  only  a  maximum 
retroreflection  efficiency  of  0.33,  with  transmission  through  the  reflective  coating, 
scatter,  and  absorption  accounting  for  67  percent.  The  figure  shows  a  nearly 
linear  decrease  in  retroreflection  efficiency  as  the  magnitude  of  the  incident  angle 
is  increased.  The  efficiency  goes  to  zero  at  about  55  degrees  for  positive 
incidence  angles  and  at  about  35  degrees  for  negative  incidence  angles. 
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PERCENT  EFRCIENCY 


MEASURED  RETRO-REFLECTION  EFFICIENCY 


Figure  3.  Retroreflection  efficiency  as  a  function  of  incident  angle. 


For  small  incidence  angles  very  near  normal  incidence,  most  rays  are  reflected 
from  all  three  mirror  surfaces  and  are  retroreflected.  Some  rays,  however,  only 
reflect  from  two  surfaces  and  exit  the  array  at  angles  considerably  away  from  the 
retroreflected  rays.  For  very  small  incidence  angles  the  two-reflection  rays  exit 
at  about  70  degrees  from  the  normal.  The  angle  of  reflection  for  two-reflection 
rays  (beams  A,  B  and  C)  and  for  single-reflection  rays  (beam  D)  is  shown  in 
Figure  4  for  a  range  incidence  angles.  The  fact  that  the  two  reflection  rays  can 
exit  at  such  large  angles  is  an  undesirable  characteristic  in  a  baffle  application 
since  rays  that  exit  at  large  angles  are  not  easily  directed  back  out  the  baffle 
entrance  and  must  be  absorbed  by  the  baffle.  When  designing  a  baffle  that 
incorporates  cube  comer  retroreflectors,  attention  must  be  given  to  what 
happens  to  two -reflection  and  single-reflection  rays.  Fortunately,  as  will  be 
shown  in  the  discussion  that  follows,  the  number  or  rays  that  exit  the  array  at  a 
l£irge  angle  is  small. 

The  relative  energy  contained  in  two-reflection  and  single-reflection  rays  as  a 
function  of  incidence  angle  is  shown  in  Figure  5.  The  energy  in  the  two- 
reflection  rays  is  minimum  at  zero  incidence  angle.  This  is  as  expected  since 
almost  all  rays  at  near  zero  incidence  cmgle  will  experience  three  reflections  and 
be  retroreflected.  At  negative  incidence  angles  there  is  no  energy  in  two- 
reflection  beams  B  emd  C  or  single-reflection  beam  D,  emd  the  energy  in  beam  A 
increases  almost  linearly  with  angle  until  a  maximum  is  reached  at  35.26 
degrees.  At  this  point  all  incident  rays  experience  two  reflections.  From  figure  4 
it  is  seen  that  the  angle  of  incidence  and  the  angle  of  reflection  are  the  same  at 
35.26  degrees.  At  this  angle  the  array  acts  as  an  array  of  roof  mirrors  and  all 
rays  are  again  retroreflected  back  toward  the  source.  For  positive  incidence 
angles  there  is  no  energy  in  beam  A.  The  energy  increases  in  beam  B  and  C  with 
increasing  angle  and  peaks  at  about  30  degrees  and  then  decreases  with  further 
Increase  in  angle.  As  the  energy  in  B  and  C  decrease  the  energy  is  given  up  to 
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Figure  4,  The  exit  angle  of  two-reflection  rays  as  a  function  of  incident  angle. 
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RELATIVE  BEAM  ENERGY 


Figure  5.  Relative  energy  contained  in  single  reflection  and  double  reflection 
beams. 
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single  reflection  beam  D.  At  a  positive  angle  of  54.74  degrees,  all  rays  experience 
only  a  single  reflection.  At  this  point  the  array  acts  as  an  array  of  flat  mirrors 
that  are  perpendicular  to  the  incident  rays  and  once  again  all  rays  are  reflected 
back  to  the  source.  It  is  Important  to  note  that  as  the  energy  in  beams  A  and  D 
increase  the  angle  between  the  incident  and  reflected  rays  decreases,  which 
results  in  most  of  the  one-reflection  and  two-reflection  rays  being  directed  back 
toward  the  incident  rays.  This  is  shown  in  Figure  6  which  is  a  plot  of  the  relative 
energy  in  the  beams  as  a  function  of  the  angle  (gamma)  between  the  incident  and 
reflected  rays. 

The  relative  energy  measured  in  the  two-reflection  rays  is  lower  than  expected 
due  to  relatively  high  absorption  and  scatter  of  the  reflective  siufaces.  The 
reflective  coating  on  the  array  is  an  evaporated  aluminum  coating  that  was 
expected  to  have  95  percent  or  greater  reflection  in  the  visible  and  infrared.  Our 
measurements  indicate  that  16  percent  was  either  absorbed  or  transmitted 
through  the  coating  per  reflection. 

The  radiation  scattered  from  the  array  was  measured  as  a  function  of  scatter 
angle  with  the  array  illuminated  by  a  collimated  beam  normal  to  the  array.  The 
measured  results  are  shown  in  Figure  7.  The  scattered  radiation  contains  a 
diffuse  component  and  a  non-diffuse  component.  The  diffuse  component  results 
from  imperfections  in  the  surfaces  of  cube  comer  cells  and  imperfections  in  the 
reflective  coating.  The  non-diffuse  component  is  the  result  of  the  finite  radius 
that  exists  at  the  intersection  of  the  three  surfaces  that  form  a  cube  comer  cell 
and  from  the  finite  radius  that  exists  where  one  cell  joins  another  cell.  The  total 
diffuse  scatter  was  determined  to  be  12  percent.  This  is  higher  than  desired  but 
consistent  with  the  fact  that  the  array,  being  a  roadside  reflector,  was  not 
designed  to  minimize  scattered  radiation.  The  non-diffuse  component  could  not 
be  measured  accurately  but  a  calculation  based  on  a  measured  edge  radius  of 
0.004  inches  resulted  in  16  percent  scatter  from  surface  intersections.  It  was 
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Figure  6.  Relative  energy  contained  in  single  reflection  and  double  reflection 
beams  plotted  as  a  function  of  the  angle  between  the  incident  and  reflected  beams. 
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beyond  the  scope  and  budget  of  this  effort  to  have  arrays  with  lower  scatter 
made,  but  scatter  would  be  expected  to  be  lower  with  greater  care  in  the 
manufacture  of  the  cube  comer  arrays. 

After  gaining  an  understeinding  of  retroreflection  efficiency  £md  the  direction  and 
intensity  of  non-retroreflected  rays,  the  next  step  was  to  develop  a  computer 
model  of  the  array  and  incorporate  the  model  into  a  stray  light  ray  trace 
program.  The  program  we  selected  is  PC  GUERAP  which  is  commercially 
available  from  Teloptic  Corp.  of  Sudbuiy  Massachusetts.  Teloptic  Corp.  also 
developed  the  model  for  the  cube  comer  array.  The  program  allows  the  user  to 
specify  the  absorption  that  occurs  at  each  surface  reflection  as  well  as  a  diffuse 
reflection  component.  The  non-diffuse  scatter  from  the  cube  comer  intersections 
was  not  incorporated  into  the  model. 

A  baffle  utilizing  cube  comer  arrays  was  designed  and  is  shown  in  Figure  8.  The 
baffle  has  an  exit  aperture  diameter  of  1  inch  and  an  overall  length  of  10  inches. 
The  front  surfaces  of  the  baffle  rings  facing  toward  the  entrance  aperture  are 
covered  with  cube  comer  arrays.  The  baffle  rings  are  angled  so  that  the  baffle 
surface  is  approximately  normal  to  rays  that  strike  the  baffle  ring  after  passing 
through  the  entrance  aperture.  The  ring  spacing  is  arranged  so  that  all  rays  that 
do  not  pass  to  the  exit  aperture  directly  must  strike  a  retroreflecting  surface. 
The  baffle  barrel  and  the  back  side  of  all  rings  are  covered  with  diffuse  black 
paint  that  absorbs  95  percent  of  incident  rays  and  scatters  5  percent.  The  edges 
of  all  rings  are  sharpened  knife  edges  having  a  edge  radius  of  0.001  inch.  Any 
ray  that  is  either  scattered  from  the  cube  comer  surfaces  or  that  exits  the  array 
cells  with  less  than  three  reflections  (two-reflection  and  single-reflection  rays) 
must  make  at  least  two  reflections  from  a  black  surface  before  reaching  the  exit 
aperture. 
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Figure  8.  Retxoreflecting  bajfile.  Entrance  aperture  is  at  left  and  exit  aperture  is  at 
right.  Baffle  ring  surfaces  facing  entrance  are  covered  with  retroreflecting  cube 
comer  arrays.  Baffle  ring  back  surfaces  and  baffle  tube  are  painted  with  black 
diffuse  paint. 


A  standard  black  absorbing  baffle  having  the  same  basic  dimensions  was  also 
designed  so  that  the  performance  of  the  reflective  baffle  could  be  compared  to  the 
performance  of  a  standard  black  baffle.  The  black  absorbing  baffle  is  shown  in 
Figure  9.  The  baffle  rings  are  placed  so  that  any  ray  that  does  not  pass  directly 
through  to  the  exit  aperture  must  have  a  minimum  of  two  reflections  before 
reaching  the  exit  aperture.  Exceptions  to  this  requirement  are  rays  that  reflect 
from  the  knife  edges  of  the  baffle  rings.  The  baffle  ring  edges  are  sharpened  to  a 
radius  of  0.001  inch  and  are  highly  reflective  so  it  is  possible  for  some  rays  to 
make  a  single  reflection  from  a  baffle  edge  and  exit  the  baffle.  The  fraction  of 
incident  rays  reflected  back  out  the  entrance,  the  fraction  transmitted  to  the  exit 
aperture  and  the  fraction  absorbed  by  the  baffle  were  computed  for  a  range  of 
incidence  angles  for  a  number  of  retroreflecting  baffle  designs,  and  the  results 
were  compared  to  similar  calculations  for  the  baseline  black  baffle.  The  basic 
retroreflecting  baffle  design  remained  similar  in  geometiy  with  only  slight 
vairiations.  Variations  were  made  in  the  number  of  baffle  rings  that  were  covered 
with  retroreflecting  cells  as  well  as  slight  changes  in  the  angle  of  some  baffle 
rings.  Baffle  designs  with  and  without  the  entrance  aperture  were  considered. 
Without  the  entrance  aperture  the  fraction  of  rays  which  are  absorbed  and 
transmitted  by  the  baffle  decreases,  but  since  the  total  area  exposed  to  off-axis 
radiation  is  increased,  the  total  energy  that  must  be  absorbed  by  the  baffle 
increases.  The  baffle  shown  in  Figure  8  resulted  in  the  best  overall  performance 
of  the  variations  tried  for  baffles  which  have  a  flat  entrance  aperture. 

The  calculated  results  for  a  reflecting  design  and  the  baseline  black  design  are 
shown  in  Figures  10,  11,  and  12.  The  reflecting  baffle  had  cube  comer  arrays  on 
all  baffle  ring  surfaces  facing  toward  the  entrance  aperture.  No  absorption  or 
scatter  was  assumed  for  the  cube  comer  airrays  used  in  the  reflective  baffle.  This 
was  done  to  find  out  how  well  the  retroreflecting  baffle  would  perform  with  ideal 
cube  comers.  The  baffle  tube,  the  back  side  of  all  baffle  rings,  and  the  back  side 
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igure  9.  Baseline  black  baffle.  All  surfaces  are  painted  with  black  diffuse  paint. 


BAFFLE  REFLECTION 


Figure  10.  Fraction  of  energy  reflected  back  out  the  entrance  aperture  as 
function  of  incident  angle  for  reflecting  baffle  and  black  baffle. 
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BAFFLE  ABSORPTION 


INCIDENT  ANGLE 


Figure  11.  Fraction  of  energy  absorbed  as  function  of  incident  angle  for  reflecting 
baffle  and  black  baffle. 
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BAFFLE  TRANSMISSION 


Figure  12.  Fraction  of  energy  transmitted  as  a  function  of  incident  angle  for 
reflecting  baffle  and  black  baffle. 
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of  the  entrance  aperture  were  coated  with  black  diffuse  paint  with  a  5  percent 
diffuse  reflection  and  95  percent  absorption.  All  surfaces  in  the  baseline  black 
baffle  had  95  percent  absorption  and  5  percent  diffuse  reflection. 

Figure  10  shows  the  fraction  of  energy  entering  the  entrance  aperture  of  the 
baffle  that  was  reflected  back  out  the  entrance  aperture.  Beyond  the  baffle  cutoff 
angle  of  about  7  degrees,  the  retroreflecting  baffle  reflects  about  60  percent  of  the 
0jiergy  while  the  black  baffle  reflects  only  about  0. 1  percent.  Most  of  the  energy 
that  is  not  reflected  by  the  baffle  is  absorbed  by  the  black  surfaces  in  the  baffle, 
and  a  small  amount  passes  through  the  exit  aperture.  Figure  1 1  shows  that  the 
reflecting  baffle  absorbs  about  40  percent  while  almost  all  the  energy  is  absorbed 
by  the  black  baffle.  The  fraction  of  energy  transmitted  through  the  baffle  to  the 
exit  aperture  is  given  in  Figure  12.  At  angles  greater  than  the  baffle  cutoff  angle, 
the  reflecting  baffle  transmits  about  a  factor  of  10  more  energy  than  the  black 
baffle.  This  is  a  somewhat  discouraging  result  since  it  was  hoped  that  the 
reflecting  baffle  would  actually  transmit  less  energy  than  the  black  baffle.  The 
reason  the  reflecting  baffle  has  higher  transmission  was  not  determined  but 
could  be  caused  by  the  two-reflection  rays  from  the  cube  comers  that  tend  to  be 
directed  into  the  baffle  toward  the  exit. 

The  reflecting  baffle  is  able  to  reflect  a  substantial  fraction  of  the  entering  off-axis 
energy.  This  would  result  in  reduced  refrigeration  requirements,  but 
unfortunately  the  reflecting  baffle  transmits  more  off-axis  energy  to  the  exit 
aperture.  Baffle  transmission  of  off-axis  rays  has  the  ultimate  effect  of  leaking 
off-axis  radiation  into  the  field  of  view.  In  an  infrared  sensor,  the  baffle  is 
followed  by  an  infrared  telescope  that  typically  has  one  or  more  field  stops  that 
define  the  field  of  view  of  the  sensor.  The  off-axis  rays  that  are  transmitted 
through  the  baffle  enter  the  telescope  outside  the  field  of  view  and  the  majority 
will  image  outside  the  field  stop  opening  and  be  prevented  from  reaching  the 
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sensor  detector.  However,  the  telescope  mirror  surfaces  will  scatter  a  small 
fraction  of  the  off  axis  rays  into  the  field  of  view,  and  these  rays  will  pass  through 
the  field  stop  and  ultimately  reach  the  detector.  For  atmospheric  earth  limb 
measurements  the  off-axis  source  is  the  earth  and  lower  atmosphere  Eind  the 
off-axis  leakage  is  known  as  non-rejected  earth  radiance  (NRER).  The  radiance 
from  the  upper  atmosphere  falls  off  rapidly  with  Increasing  tangent  altitude  for 
most  emitting  species,  but  the  non-rejected  earth  radiance  falls  off  much  more 
slowly.  At  low  tangent  altitudes  the  atmospheric  emission  within  the  field  of  view 
of  the  sensor  will  dominate.  As  the  altitude  increases,  the  non-rejected  earth 
radiance  becomes  a  larger  fraction  of  the  total  signal  and  eventually  dominates 
the  signal. 

The  next  baffle  that  was  evaluated  was  identical  to  the  first  but  with  cube  comer 
arrays  having  some  diffuse  reflection  and  absorption.  Figures  13,  14  and  15 
show  the  results  for  a  reflecting  baffle  having  cube  comer  material  with  28 
percent  total  diffuse  reflection  for  three-reflection  rays  and  3  percent  absorption 
at  each  reflection.  This  represents  cube  comer  material  similar  the  3M  sample 
evaluated  but  with  considerably  less  absorption.  Absorption  of  3  percent  was 
assumed,  rather  than  the  measured  16  percent,  since  it  was  assumed  that  a 
reflective  coating  with  3  percent  absorption  should  be  obtainable. 

The  fraction  of  energy  reflected  has  decreased  to  about  40  percent  as  compared 
to  60  percent  for  the  baffle  with  ideal  cube  comer  arrays.  This  is  an  encouraging 
result  since  even  with  the  assumed  high  level  of  diffuse  scatter  the  baffle  is  still 
able  to  reflect  a  substantial  fraction  of  the  incident  radiation.  It  is  certainly 
feasible  that  higher  qualify  cube  comer  arrays  could  be  manufactured  that 
would  have  lower  scatter  levels  than  the  array  we  measured.  The  fraction  of 
energy  absorbed  by  the  baffle  has  increased  to  about  60  percent  as  compared  to 
40  percent  for  the  baffle  with  ideal  cube  comer  arrays.  The  fraction  of  energy 
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FRACTDN  OF  ENERGY  REFLECTED 


Figure  13.  Fraction  of  energy  reflected  back  out  entrance  aperture  as  a  function  of 
incident  angle. 


25 


FRACTION  ABSORBED 


FRACTION  OF  ENERGY  ABSORBED 


Figure  14.  Fraction  of  energy  absorbed  by  baffle  as  a  function  of  incident  angle. 


transmitted  to  the  exit  aperture  is  similar  to  the  levels  calculated  for  the  ideal 
reflective  baffle  and  remains  a  factor  of  10  higher  than  the  black  baffle. 

The  back  side  of  the  entrance  aperture  in  the  retroreflective  baffles  evaluated 
above  accounts  for  a  significant  fraction  of  the  total  absorbed  energy  especially  at 
large  off-axis  angles.  Variations  in  the  entrance  aperture  were  investigated  that 
would  reduce  the  absorbed  energy.  One  design  that  results  in  significantly 
reduced  absorbed  off-axis  energy  is  shown  in  Figure  16.  The  length-to-exit 
diameter  ratio  has  been  reduced  to  about  4.  The  flat  entrance  aperture  has  been 
replaced  with  an  aperture  that  is  tilted  toward  the  entreince  and  is  reflective 
rather  than  black.  The  first  retroreflective  baffle  is  tilted  more  into  the  baffle  so 
that  two-reflection  rays  from  the  first  baffle  are  reflected  back  out  the  entrance. 
The  front  surface  of  each  baffle  is  covered  with  reflective  cube  comers  as  before, 
and  the  back  side  is  coated  with  black  diffuse  paint.  The  PC-GUERAP 
calculations  of  fraction  of  energy  absorbed  as  a  function  of  entrance  angle  are 
shown  in  Figure  17.  The  reflected  energy  fraction  peaks  at  0.86  at  an  angle  of  55 
degrees.  The  fi'action  of  energy  transmitted  through  the  baffle  is  shown  in  Figure 
18  and  is  still  significantly  higher  than  the  fraction  transmitted  by  a  black  baffle 
having  the  same  length  to  diameter  ratio. 


4.  SUMMARY  AND  CONCLUSIONS 

The  use  of  small  cell  cube  comer  reflector  arrays  on  the  front  surface  of  baffle 
rings  can  reduce  the  energy  absorbed  by  the  baffle  by  about  a  factor  of  2  to  5  for 
the  baffle  designs  we  considered.  This  results  in  significantly  reduced  cooling 
requirements.  A  sensor  cooled  by  a  liquid  or  solid  ciyogen  would  use  less 
ciyogen  for  each  minute  of  measurement  time.  The  sensor  could  either  be  made 
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smaller  or  the  measurement  time  extended.  A  sensor  cooled  with  a  refrigeration 
system  would  require  a  smaller  refrigeration  unit  with  a  resulting  savings  in 
weight  and  power. 

The  off-axis  leakage  of  the  reflective  baffles  we  modeled  is  about  a  factor  of  10 
higher  than  the  off-axis  leakage  of  a  black  absorbing  baffle  having  the  same 
length-to-diameter  ratio.  This  is  undesirable  for  certain  applications  such  as 
measurement  of  spectral  emission  from  the  atmosphere  at  high  tangent  altitudes 
(above  100  km).  The  increased  off-axis  leakage  would  increase  the  non-rejected 
earth  radiance  which  could  result  in  spectra  that  are  contaminated  by  emission 
and  absorption  features  due  to  the  earth  and  lower  atmosphere. 

The  increased  off-axis  leakage  is  probably  not  much  of  a  problem  for  a 
surveillance  sensor  looking  for  point  source  targets.  Such  a  sensor  typically 
filters  out  low  spatial  frequency  background  structure.  The  off-axis  leakage 
would  most  likely  only  contain  very  low  frequency  spatial  structure  that  would 
be  eliminated  by  the  filter. 
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Figure  16.  Modified  baffle  design  having  a  reflecting  entrance  aperture  that  reflects 
two-reflection  rays  from  the  first  retroreflecting  baffle  back  out  the  entrance. 


Figure  17.  Fraction  of  energy  reflected  back  out  the  entrance  for  the  baffle  shown 
in  Figure  16. 
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FRACTION  TRANSMITTED 
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Figure  18.  Fraction  of  energy  transmitted  to  the  exit  aperture  for  the  baffle  shown 
in  Figure  16  compared  with  the  fraction  transmitted  by  a  standard  black  baffle. 
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